Cytosine methylation plays a crucial role in the regulation of gene expression and the control of genome stability in higher eukaryotes. Despite its importance for normal development, the degree and genome-wide distribution of DNA methylation has remained largely unknown. In this issue of Cell, Zhang et al. (2006) fill this gap by presenting a high-resolution map of DNA methylation in the genome of the flowering plant Arabidopsis.
stress-related ABA receptors remains unknown. Studies in a number of laboratories have provided evidence for plasma membrane ABA receptors, but research in four different laboratories has also shown that guard cells respond to intracellular ABA (reviewed in Finkelstein and Rock, 2002; Lee et al., 2006) . Thus the relevance of extracellular ABA accumulation awaits further studies.
The research of Lee et al. (2006) supports a model in which ABA can be rapidly and locally released by AtBG1 through the posttranslational polymerization of the AtBG1 protein.
These findings lead to several newly arising questions. How do environmental stresses cause polymerization of ABA-GE glucosidases? Does AtBG1 polymerization require protein modification or other cofactors? The findings of Lee et al. (2006) also indicate that uncharacterized transport systems are involved in the movement of ABA-GE and ABA. This study opens the door to investigations of new regulatory mechanisms that mediate plant hormone mobilization and sheds light into how plants adapt to environmental challenges. DNA methylation has been described in both prokaryotes and eukaryotes. In prokaryotes, DNA methylation is part of a system of defense against bacteriophages and occurs at both cytosine and adenine residues (Wilson and Murray, 1991) . However, in multicellular organisms, ranging from plants to humans, DNA methylation is found almost exclusively at cytosine residues and contributes to epigenetic regulation of gene expression by reducing the transcriptional activity of chromatin (Figure 1 ). In this issue, Jacobsen, Ecker, and colleagues report a genome-wide map of DNA methylation in the flowering plant Arabidopsis-the first of its kind for any organism.
DNA methylation is essential for the normal development of most multicellular organisms (Klose and Bird, 2006) . For instance, targeted disruption of the mouse DNA methyltransferase genes Dnmt3a and Dnmt3b leads to embryonic lethality, and a particular mutation in human DNMT3b causes ICF syndrome, named for its primary symptoms: immunodeficiency, centromeric instability, and facial anomalies. In Arabidopsis, mutations that reduce DNA methyla- In animals and plants, symmetric DNA methylation mostly occurs at both strands of CG dinucleotides. CG methylation patterns are heritable in a replication-coupled manner by so-called "maintenance methyltransferases" (Dnmt1 in mammals, MET1 in Arabidopsis) that have a preference for hemimethylated substrates. In contrast, DNA methylation at CNG (where N is any base) and nonsymmetric CHH trinucleotides (where H is any base except G) is unique to plants. These types of DNA methylation are effected by the plant-specific chromomethylase CMT3, as well as by DRM1 and DRM2 (homologs of the mammalian de novo methyltransferases Dnmt3a/b). These all act together with the chromatin remodeling factor DRD1. Genetic evidence in Arabidopsis links developmentally important non-CG DNA methylation to histone modifications and to the RNAi machinery .
Despite extensive evidence of the role of DNA methylation in development and genome stability, little is known about its extent and genomewide distribution. Previously described strategies for the high-throughput detection of DNA methylation (as in Lippman et al., 2004; Tompa et al., 2002; Rollins et al., 2006 ) either were at low resolution or covered only a small fraction of the genome.
Zhang et al. (2006) now present a comprehensive map of DNA methylation of the genome of Arabidopsis thaliana, combining both high resolution (35 bp) and almost complete genome coverage (97%). The authors used methylcytosinespecific antibodies that recognize DNA methylation in all sequence contexts to immunoprecipitate fractions of methylated and unmethylated DNA, respectively. These fractions were hybridized to tiling microarrays covering ? 97% of one strand of the ?120 Mb Arabidopsis genome. Sites of DNA methylation were identified from hybridization signal intensities by applying stringent statistical methods. This led to the identification of defined regions of methylation, which were annotated in DNA methylation maps covering all five chromosomes of Arabidopsis. The DNA methylation patterns revealed by this analysis are consistent with previously identified patterns that have been shown for individual loci, validating this microarray approach.
To understand how DNA methylation is linked to transcription, the authors performed genomewide expression analyses for both strands of the Arabidopsis genome using the same tiling array, as well as a second array that covers the opposite strand of the genome. The maps of DNA methylation generated by Zhang et al. (2006) reveal that about 20% of the Arabidopsis genome is methylated. Some regions were found to be highly methylated (up to 80%), such as transcriptionally inactive heterochromatin including centromeres, pericentromeres, and the heterochromatic knob on chromosome 4. These regions are densely packed with transposable elements and other repetitive sequences. Interestingly, interspersed and tandem repeats are methylated to a greater extent than inverted repeats, supporting previous suggestions that they may be controlled by different mechanisms (Cao and Jacobsen, 2002) . Euchromatic regions, which include genes and nonrepetitive intergenic regions, show a lower but still surprisingly high level of DNA methylation. In these regions, genes that are not expressed and pseudogenes show higher levels of methylation than expressed genes. All genes, whether expressed or not, are methylated to a higher degree in their transcribed regions than in their promoter. Of all expressed genes, 5% are methylated in the promoter and 33% are methylated in the transcribed region (so-called "body-methylated genes"), with a bias toward the 3′ portion of the transcribed region. A comparison with compiled expression data indi- cates that body-methylated genes tend to be expressed at high levels with low tissue specificity, whereas promoter-methylated genes are expressed at lower levels in a more tissue-specific manner. Association of DNA methylation with siRNA clusters is less frequent in transcribed regions, suggesting that a large fraction of DNA methylation found in genes is independent of siRNAs, which can direct non-CG methylation.
The authors also generated DNA methylation maps of two Arabidopsis mutants: the triple mutant that lacks DRM1, DRM2, and CMT3, which has greatly reduced non-CG methylation (Cao and Jacobsen, 2002) , and the mutant that lacks MET1, in which both CG and, to a lesser extent, non-CG methylation are decreased (Saze et al., 2003) . A dramatic change was observed in the met1 mutant, in which DNA methylation was lost in over 60% of the regions methylated in the wildtype plant. This decrease in DNA methylation was accompanied by a massive reactivation of transposons and pseudogenes residing in heterochromatin that are normally silenced. Thus, MET1-mediated CG methylation is mainly responsible for the silencing of heterochromatic regions. Furthermore, met1 mutants show a stronger upregulation of promoter-methylated genes than of body-methylated genes, implying that promoter methylation strongly inhibits transcription. Body methylation has been proposed to prevent antisense transcription from cryptic promoters located in the 3′ end of transcribed regions that could interfere with normal sense transcription (Tran et al., 2005) . However, no systematic increase of antisense transcription in bodymethylated genes was observed in met1 mutants. Changes in sense and antisense transcription of the same sequences were found to be largely independent, suggesting that antisense transcription does not have a major role in regulating sense transcription. In contrast to the met1 mutant, the drm1 drm2 cmt3 triple mutant showed only a mild reduction in overall DNA methylation, and transcriptional activity remained largely similar to that of wild-type plants. However, the subtle changes found in the triple mutant led to the significant upregulation of known expressed genes that reside in euchromatin, the actively transcribed region of chromosomal DNA. This suggests that non-CG methylation may be the primary mechanism that dynamically regulates genes in a time-and space-dependent manner during development, whereas CG methylation, which is coupled to replication, may function principally in the stable maintenance of transposon and pseudogene silencing.
Interestingly, reducing DNA methylation also led to transcriptional activation of intergenic noncoding RNAs (ncRNAs), many of which may represent unannotated transposons showing no homology to sequences from other organisms. Furthermore, 60 ncRNAs that are normally expressed in wild-type plants were downregulated in the DNA methylation mutants. In contrast to the ones that are upregulated, these ncRNAs have sequence homology to other plant genomes, indicating that they might have biological functions.
In their new study, Zhang et al. (2006) demonstrate the fundamental role of DNA methylation in the regulation of gene expression and genome stability on a genomewide scale. However, it should be kept in mind that the wealth of the data generated allows only limited conclusions for individual, developmentally important genes. Because all above-ground tissues of 5-weekold flowering plants were taken for analysis, the data set represents just a snapshot of a pool of dozens of cell types at different developmental stages. Thus, subtle and perhaps short-lived changes in the DNA methylation of specific tissues or cell types that play key roles in development may be overlooked. As just one example, DNA methylation analysis of single cell types in maize demonstrated that particular imprinted loci have a different DNA methylation status in the egg and in the central cell, which are located right next to each other in the ovule. Cell-specific changes in DNA methylation coincide with a change in expression of these loci that is essential for development. In the maize endosperm, the two parental alleles become differentially methylated after fertilization, and only the maternally inherited, unmethylated allele is expressed (Gutiérrez-Marcos et al., 2006) . Undoubtedly, such fine-tuned yet essential regulation would be missed by the approach used by Zhang et al. (2006) . Therefore, to capture the full dynamics of developmentally important DNA methylation, existing methodologies to analyze DNA methylation and gene expression need to be adapted for use with smaller quantities of biological material as proposed by Day et al. (2005) .
Certainly, the data set made publicly available by Zhang et al. (2006) provides an invaluable tool to the Arabidopsis community for the design of experiments on individual loci. Furthermore, it sets the stage for looking into the variation of DNA methylation between different Arabidopsis strains. This will help to uncover the contribution of epigenetic differences to phenotypic variation in nature, an area that has been largely neglected by evolutionary biologists in the past. There is no doubt that our understanding of the dynamics of the Arabidopsis "methylome" will grow as more such experiments are performed under standardized conditions. Certainly, similar studies with other organisms will follow soon.
